Overexpression of the rntA cDNA encoding RNase T1 derived from A. oryzae causes severe growth inhibition in S. cerevisiae. We previously reported that most S. cerevisiae mutant strains defective in translocation into the ER, ER-Golgi transport and vacuole formation exhibited hypersensitivity to expression of RNase T1. Screening for S. cerevisiae mutants that showed RNase T1 hypersensitivity resulted in the isolation of 38 (rns) mutant strains. Some of these mutants showed a variety of phenotypes including temperature-sensitive growth, hypersensitivity to G418, defect in invertase glycosylation and fragmented vacuoles. We identified the genes mutated in three of the rns mutants, rns1, rns2, and rns3, as DSL1, UMP1, and SEC17, respectively. Fluorescence microscopic observation showed that GFP or myc-tagged Rns1p was localized at the nuclear region in the cell. Two-hybrid screening revealed the interaction of Rns1p with a transcription factor Cin5p and a functionally unknown Ylr440cp. It was observed that HA-tagged Ylr440cp was localized to the ER and nuclear envelope.
Introduction
The filamentous fungus Aspergillus oryzae has been widely used in fermented food production for many years and is well known to secrete a large amount of hydrolytic enzymes such as amylases and proteases. RNase T1, which is encoded by the rntA gene, is one of the secretory enzymes of A. oryzae and is composed of 104 amino acid residues (Takahashi, 1985) . Although most of the A. oryzae enzymes including aamylase, glucoamylase, and nuclease S1, were successfully produced in Saccharomyces cerevisiae by expression of their corresponding cDNAs (Hata et al., 1991; Lee et al., 1995; Nagashima et al., 1992) , the expression of the rntA cDNA in S. cerevisiae caused severe growth inhibition of the host strain (Fujii et al., 1995) . While the overexpression of mutated versions of RNase T1 with low enzyme activity did not affect the growth of the host yeast, the expression of RNase T1 devoid of signal sequence severely affected the growth of the host cells even by a single-copy vector expression. This suggested that mislocalization of enzymatically active RNase T1 in the cytosol caused the toxic effect on the host cells (Nonaka et al., 2000) . In the yeast intracellular protein transport pathway, the mutant cells defective in translocation into the ER, ERGolgi trafficking, and vacuole formation showed hypersensitivity to expression of RNase T1 even at the semi-permissive temperature (Nonaka et al., 2000) . We expect that the hypersensitivity may provide a very sensitive detection method to identify the mutant cells in the secretion process. In this report, we describe the isolation of hypersensitive mutants to RNase T1 expression. Based on the genetic analysis of the newly isolated rns1/dsl1 mutant, we suggest the involvement of Rns1/Dsl1p in the mechanism of intracellular protein transport.
Materials and Methods
Yeast strains, media and growth conditions. Escherichia coli DH5a (F Ϫ f80 dlacZDM15, D(lacZYA-argF ) supE recA endA hsdR phoA thi gyrA relA ) were used as hosts for DNA manipulations (Sambrook et al., 1989) . S. cerevisiae YPH500 (MATa leu2 ura3 trp1 his3 ade2 lys2 ) (Sikorski et al., 1986 ) was used as a parent strain for screening of RNase T1 expression sensitive mutant strains. YPH499 (MATa as the same as YPH500) was used for genetic analysis. GN14 (MATa rns1 leu2 ura3 trp1 his3 ade2 lys2 ) and GN14-2A (MATa rns1 leu2 ura3 trp1 his3 ade2 lys2 ) were used for isolation and genetic analysis of the RNS1 gene. GN1 (MATa rns2 leu2 ura3 trp1 his3 ade2 lys2 ) and GN3 (MATa rns3 leu2 ura3 trp1 his3 ade2 lys2 ) were used for identification of the RNS2, and RNS3 genes, respectively. Growth of the yeast strains expressing RNase T1 cDNA was monitored as follows; yeast cells carrying pCRT-1 (Nonaka et al., 2000) were streaked onto a YNBGal plate (0.67% yeast nitrogen base, 2% galactose, 0.2% casamino acids and required amino acids and adenine (50 mg/ml each)) and incubated at 30°C for 4 days. S. cerevisiae PJ69-4A (MATa trp1 leu2 ura3 his3 Dgal4 Dgal80 DLYS2:: GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ ) (James et al., 1996) was used for two-hybrid selection.
Isolation of RNase T1 expression sensitive (rns) mutants. Freshly grown S. cerevisiae YPH500 cells carrying pCRT-1 were mutagenized with EMS (Rose et al., 1990 ) and spread on a YNBD plate (0.67% yeast nitrogen base, 2% glucose, with 0.2% casamino acids and the required nutrients) at 30°C for 3 days. The colonies were replica plated onto YNBGal plate and incubated at 30°C for 3 days. The colonies with no growth on YNBGal plate were streaked onto a YNBD plate containing 5-FOA and uracil to remove pCRT-1. The plasmidcured strains were streaked onto a YNBGal plate (containing uracil) to confirm the ability of galactose assimilation. The candidate strains were transformed with pCRT-1 or pTB114 vector (URA3, CEN6, GAL1 promoter) and the strains that showed pCRT-1 dependent growth defect on YNBGal medium were selected as RNase T1 expression-sensitive mutants.
Identification of RNS1, RNS2, and RNS3 genes. GN14-2A (rns1 ) cells carrying pCRT-1 were transformed with a yeast genomic library constructed on the single-copy vector YCpG11 (kindly provided by Prof. Y. Ohya, University of Tokyo, Japan), a shuttle plasmid containing the CEN4 and the TRP1 marker, and spread onto YNBGal plates at 30°C for 4 days. A yeast genomic library constructed on the single-copy vector YCUp4 (CEN4, URA3; provided by Prof. A. Tohe, University of Tokyo, Japan), was introduced into GN1 (rns2 ) cells carrying pCRT-1 and incubated on YPD plates containing 50 mg/ml of G418 (Wako Pure Chem. Ltd., Osaka, Japan) at 30°C for 3 days. G418-resistant transformants were incubated on YPD plates at 35°C for 3 days. GN3 (rns3 ) cells carrying pCRT-1 were transformed with a yeast genomic library constructed on the multi-copy vector YEp13 (2m, LEU2 ; provided by Dr. H. Quadota, University of Tokyo, Japan), and incubated on YNBGal plates at 30°C for 4 days. Growth of the transformants was also assayed by incubation on YPD plate at 37°C for 3 days. DNA sequences of the insert DNA fragments were analyzed with a Model DAQ-1000 DNA sequencer (Shimadzu, Kyoto, Japan).
Light and fluorescent microscopies. To express the C-terminal GFP-tagged Rns1p in yeast, the DNA fragment containing the fusion gene of RNS1-gfp was ligated into pRS415 (CEN6, LEU2 ) and pRS425 (2m, LEU2 ) to generate pCRNS1GFP and pERNS1GFP, respectively, and the resultant plasmids were introduced into YPH500. Light and fluorescent microscopic observations were performed using an Olympus BX52 microscope with UPlanApo 40ϫ or 100ϫ objective lenses (Olympus Optical Co., Tokyo, Japan). Fluorescence of GFP was observed with U-MWIBA/GFP blue excitation cube. Nuclei were visualized with DAPI (Sigma-Aldrich Fine Chemicals, Co., St. Louis, MO). To express the C-terminal myc-tagged Rns1p in yeast, the DNA fragment containing the full length of RNS1 ORF was ligated into pCH1 (2m, URA3, GAP promoter, and sextuple myc-coding sequence) to generate pRNS1myc. To express the C-terminal hemagglutinin (HA) epitope-tagged Ylr440cp protein in yeast, the full length of the YLR440c ORF fragment was ligated into pYN168-2 (CEN4, LEU2, GAP promoter, and a triple HA-coding sequence) (Kosodo et al., 2001 ) to generate pCYLR440HA. Log-phase cells of YPH500 carrying pRNS1myc or pCYLR440HA were fixed with formaldehyde and spotted onto polylysinecoated microscope slides. Anti-myc antibody 9E10 (Berkeley Antibody, Richmond, CA) and Texas Redconjugated goat anti-mouse Ig (Cappel, Malvern, PA) were used for detection of myc-tagged Rns1p protein.
For detection of Ylr440cp-HA fusion, anti-HA antibody 12CA5 (Berkeley Antibody) were used.
Subcellular fractionation and immunoblotting. YPH500 cells carrying pYCLR440HA were harvested at mid-logarithmic phase. The cell pellet was washed twice and resuspended with Lysis buffer (10 mM HEPES-KOH (pH 6.8), 200 mM sorbitol, 150 mM NaCl, and 5 mM MgCl 2 ) and homogenized by Multi-beads Shocker (MB455U, Yasuikikai Co., Osaka, Japan). Cell debris was removed by centrifugation at 500ϫg for 5 min. The supernatant was divided into different portions that were treated for 30 min on ice with either 1% Triton X-100 or 1 M NaCl. The samples were then centrifuged at 13,000ϫg for 15 min to obtain the P13 pellet. The S13 fractions were then subjected to centrifugation at 100,000ϫg at 4°C for 1 h to obtain P100 and S100. Western blot analysis was done using anti-HA antibody (Medical & Biological Laboratories, Co., Ltd., Nagoya, Japan) and the goat anti-rabbit peroxidase labeled IgG (Funakoshi Co., Ltd., Tokyo, Japan). The ECL signal was observed by the SuperSignal Chemiluminescent system (Pierce, Rockford, IL) and Lumino-Image Analyzer LAS-1000 puls (Fuji Film, Tokyo, Japan).
Yeast two-hybrid library screening. The following primers were used for amplifying the RNS1 gene: 5Ј-GCGAATTCATGGAGTCTCTTTTTCC-3Ј(sense primer, FRNS-1) and 5Ј-GCAGATCTCGATCATCTA-GAGCAGTGC-3Ј(antisense primer, RRNS-1). To construct bait plasmids, the amplified 2.7-kb fragment was digested with Eco RI/Bgl II, Eco RI/Cla I, Sal I/Pst I or Cla I/Bgl II and cloned into corresponding sites of pGBDU-C3, a vector carrying Gal4p-DNA binding domain (GBD), to give rise to pR1, pR2, pR3, and pR4, respectively. Strain PJ69-4A was transformed with pR1, pR2, pR3 or pR4 and a two-hybrid genomic library (library of fusion genes with Gal4p-transcription activating domain, pGAD library). The Ade ϩ candidates were checked for His ϩ phenotype and then activity of b -galactosidase was assayed on b -gal filter (James et al., 1996) . Genomic microarray analysis. For RNA preparation, freshly grown YPH500 (wild-type) and GN14 (rns1 ) cells were inoculated into 100 ml of YPD medium and grown at 25°C to an optical density of 0.6. Cultures were centrifuged and total RNA was extracted using Sepasol RNA I super (Nacalai Tesque, Kyoto, Japan). Poly (A) ϩ RNA was purified from total RNA with Oligotex-dT30 Super mRNA Purification kit (TaKaRa-Bio, Inc., Ohtsu, Japan). Double-stranded cDNA was prepared from poly (A) ϩ RNA by T7-dT (24) primed polymerization using the Superscript Choice System (Life Technologies, Gaithersburg, MD). Biotin labeled cRNA was prepared from cDNA using in vitro transcription (INV) with an Enzo Bioarray High Yield RNA Transcript Labeling Kit (Affymetrix, Inc., Santa Clara, CA), and then cRNA was randomly fragmented into 35-200 bases (Jelinsky and Samson, 1999) . The Yeast Genome S98 Array chips were obtained from the Affymetrix, Inc., and RNA target hybridization, probe array scan and data analysis were performed according to the manufacturer's instructions. Microarrays were performed using a system consisting of GeneChip Fluidics Station 400, GeneChip Hybridization Oven, and HP Gene Array Scanner (Affymetrix, Inc.). Data were collected using Microarray Suite 4.0 program (Amersham Pharmacia Biotech, Buckinghamshire, England).
Results

Isolation of RNase T1 expression hypersensitive mutants
RNase T1 expression hypersensitive mutants were isolated by plate-based screening. We mutagenized S. cerevisiae YPH500 cells carrying pCRT-1 (single-copy plasmid containing the GAL1 promoter -rntA cDNA) (Nonaka et al., 2000) with EMS and selected the strains that showed no growth or very poor growth on YNBGal medium. The strains were plated on the medium containing 5-FOA to remove pCRT-1. We excluded the mutants that lost the ability of galactose assimilation by plating the strains on YNBGal (ϩUra) plate. The candidate strains were transformed with pCRT-1 again and confirmed for the phenotype of hypersensitivity to RNase T1 expression. Finally, we isolated 38 RNase T1 expression sensitive (rns ) mutants (GN1-GN38).
The rns mutants showed a variety of phenotypes. Some of the rns mutants showed no growth on YNBGal plate depending on pCRT-1 but other strains formed smaller colonies than that of the wild-type strain. Nine strains (GN1, GN3, GN12, GN14, GN18, GN20, GN29, GN30, and GN37) showed temperaturesensitive growth. Several rns strains (including GN18, GN22, GN25, and GN27) contained fragmented vacuoles by observation with CFDA staining. The relationship between vacuolar biogenesis mutations and hypersensitivity to antibiotics such as nystatin and G418 has been reported (Darsow et al., 1998) . We therefore analyzed the sensitivity of the rns strains to G418 and found that 14 strains showed no growth on the medium containing 40 mg/ml of G418.
From the 38 rns strains, we selected nine of the strains (GN1, GN3, GN12, GN14, GN18, GN22, GN25, GN27, and GN31) that showed severe hypersensitivity to RNase T1 expression and additional phenotypes including temperature sensitive growth, G418 hypersensitivity or vacuole fragmentation and crossed them with opposite mating type strain YPH499. None of the resultant diploid strains showed hypersensitivity to RNase T1 expression. Tetrad analysis of the diploids exhibited 2 : 2 cosegregation of hypersensitivity to RNase T1 expression and the additional phenotypes. We crossed the nine mutants with the other mutant strains of the opposite mating type. None of the resultant diploids showed hypersensitivity to RNase T1 expression. These observations indicated that the nine rns mutations are independent, recessive and single mutations on chromosomal genes (Table 1) .
Identification of the RNS genes
The rns1 mutant cells showed severe hypersensitivity to RNase T1 expression (Fig. 1A) and temperaturesensitive growth. We transformed the GN14-2A (rns1 ) cells carrying pCRT-1 with a yeast genomic DNA library constructed on single-copy vector YCpG11 and incubated on YNBGal plates. From approx. 3ϫ10 4 transformants, nine candidates were isolated and the plasmids recovered, which complemented the rns1 phenotypes. Sequencing analysis of the insertions revealed that all of the recovered plasmids contained the same DNA fragment carrying four ORFs (ORC 5, YNL260c, ATX 1, and YNL258c). Subcloning analysis showed that YNL258c was responsible for complementation of the hypersensitivity to RNase T1 expression and temperature-sensitive growth of GN14-2A, simultaneously (Fig. 1, B and C) . To confirm that YNL258c was authentic RNS1 and not a suppressor, the DNA fragment containing the YNL258c ORF was cloned into an integrating vector containing the LEU2 gene and introduced into the YPH499 chromosome at the YNL258c locus. One of the transformants (MATa YNL258c::LEU2 leu2 ura3 trp1 his3 ade2 lys1 ) was mated with GN14-2A (MATa rns1 leu2 ura3 trp1 his3 ade2 lys1 ) carrying pCRT-1 and the resultant diploid was sporulated. In any analysis of 11 tetrads, 2 : 2 cosegregation of Leu Ϫ and hypersensitivity to RNase T1 expression was observed. This result indicated the identity of the RNS1 gene and YNL258c. We also constructed heterozygous diploid (MATa /a leu2 /leu2 RNS1 /Drns1 ::LEU2 ) and confirmed 2 ϩ : 2 Ϫ co-segregation for viability and Leu Ϫ . This indicated that the RNS1 (YNL258c) was essential for growth. Just after we obtained these results, Waters and coworkers reported that survival of the cells with mutations in YNL258c gene depended on the SLY1-20 mutation and named YNL258c as DSL1 .
For identification of the rns2 mutation, we transformed the GN1 (rns2 ) cells carrying pCRT-1 with a yeast genomic DNA library and incubated them on YPD plates containing 50 mg/ml of G418. Six of the G418-resistant transformants showed the recovery of growth at 35°C, simultaneously. All of the rescued plasmids from the candidates carried the same DNA fragment containing the UMP1 gene encoding a 20S proteasome maturation factor. We confirmed the complementation of the phenotypes of GN1 strain, G418-sensitivity, temperature-sensitive growth, and hyper- sensitivity to RNase T1 expression, with pUMP1 (single-copy plasmid carrying the UMP1 gene). We also introduced yeast genomic DNA library into GN3 (rns3 ) cells carrying pCRT-1 and incubated them on YNBGal plates. Two of the RNase T1 expressionresistant transformants also recovered the growth at 37°C and the rescued plasmid was demonstrated to contain the SEC17 gene encoding transport vesicle fusion protein from ER to Golgi apparatus. We observed that the SEC17 gene on the single-copy plasmid complemented the temperature-sensitive growth and hypersensitivity to RNase T1 expression of the GN3 strain. From these results we identified RNS1, RNS2, and RNS3 genes as DSL1, UMP1, and SEC17, respectively.
Nucleotide sequence determination of the rns1 mutant allele
We isolated the rns1 mutant allele from the GN14-2A with PCR. Sequence analysis revealed the deletion of a guanine nucleotide at codon 687 of the rns1 ORF. This mutation changes the ATG for Met688 to stop codon and C-terminal 67 amino acid of the mutant Rns1p is truncated.
Screening of proteins interacted with Rns1p
In an effort to identify other proteins that physically interact with Rns1p, we performed a yeast two-hybrid screen with Rns1p fused to the Gal4p-DNA binding domain (GBD) as bait. We constructed four kinds of bait plasmids: pR1, Rns1p (1-754, full length)-GBD; pR2, Rns1p (1-292, N-terminal region)-GBD; pR3, Rns1p (112-624, central region)-GBD; and pR4, Rns1p (293-754, C-terminal region)-GBD, respectively ( Fig. 2A) . S. cerevisiae strain PJ69-4A carrying pR1, pR2, pR3 or pR4 were transformed with a two-hybrid genomic library (pGAD library). After screening of the library, seven distinct pGAD library plasmids that showed reproducible Ade ϩ His ϩ b-galactosidase ϩ phenotype were recovered. DNA sequencing analysis re- (A) YPH500 (wild-type) and GN14 (rns1 ) strains containing pCRT-1 were incubated on YNBD (Glucose) and YNBGal (Galactose) plates at 30°C for 4 days. (B) GN14-2A strain carrying pCRT-1 was transformed with pRNS1 (singlecopy plasmid containing RNS1 gene) and incubated on a YNBGal plate at 30°C for 4 days. (C) pRNS1 was introduced into GN14-2A and the transformants were cultured on YPD at 35°C for 3 days. (D) YPH500 strain expressing Rns1p-GFP was grown in YPD medium and the nuclei were visualized with DAPI. Bar: 5 mm. (E) Log phase cell of YPH500 carrying pRNS1myc were observed by indirect immunofluorescence microscopy using antibody to myc and detected by Texas Red-conjugated secondary antibody. The nuclei were visualized with DAPI. Bar: 5 mm.
vealed that five of the clones contained the same fragment of uncharacterized open reading frame YLR440c and the other two clones contained the CIN5 gene. We observed that pR3 and pR4 showed interaction with YLR440c and CIN5 but not with pR1 and pR2 (Fig.  2B ). Cin5p is a nuclear protein and putative transcription factor (Mendizabal et al., 1998) . We observed that overexpression of the CIN5 gene did not suppress temperature-sensitive growth and RNase T1 expression-hypersensitivity of GN14-2A (rns1 ) strain.
We also observed that overexpression of the YLR440c did not suppress the growth defect of the rns1 strain. Predicted Ylr440cp polypeptide (709 amino acids) has one hydrophobic domain at the Cterminal (aa position: 639-655) but shows no similarity to known proteins.
Localization of Rns1p and Ylr440cp
To investigate the localization of Rns1p, we constructed single-copy and multi-copy plasmid carrying the fusion gene encoding Rns1p-GFP and designed pCRNS1GFP and pERNS1GFP, respectively. We introduced pCRNS1GFP into GN14-2A (rns1 ) and observed the complementation of temperature-sensitive growth and hypersensitivity to RNase T1 expression. It indicated that Rns1p-GFP fusion protein maintains the functional activity. Since the fluorescence of YPH500 cells carrying pCRNS1GFP was very weak, we observed the cells carrying pERNS1GFP. The GFP fluorescence was observed as a large spot in the cells and was colocalized with DAPI fluorescence (Fig. 1D) . We also constructed a strain carrying the plasmid containing Rns1p-6myc fusion gene (pRNS1myc) and analyzed using indirect immunofluorescence microscopy, the fluorescence was observed as a large spot in the cells and was colocalized with DAPI fluorescence (Fig.  1E ). These observations strongly suggested that Rns1p is localized at the nuclear region in yeast cells.
To investigate the function and localization of YLR440c gene product, we constructed a single-copy plasmid carrying the C-terminal HA-tagged YLR440c gene under the control of GAP promoter (Fig. 3A) . The resultant plasmid pCYLR440HA was introduced into YPH500 and the localization of Ylr440cp was examined through subcellular fractionation. Extracts from HA-tagged Ylr440cp-expressing cells were used to ex- amine a possible membrane association of Ylr440cp. A 500ϫg supernatant of homogenized cell was treated either with lysis buffer, 1% Triton X-100, or 1 M NaCl and subsequently centrifuged at 13,000ϫg and 100,000ϫg (Fig. 3B ). When the sample was incubated with buffer alone, Ylr440cp-HA was detected both in P13 and S100 fractions. Treatment with 1 M NaCl did not change the distribution pattern, whereas Triton X-100 treatment led to solubilization of Ylr440cp-HA. This observation suggests the probability of at least 50% of Ylr440cp being associated with the membrane in yeast cells. The indirect immunofluorescence microscopic analysis of YPH500 cells carrying pCYLR440HA was performed using anti-HA antibody. Since the fluorescence was detected at the perinuclear and sub-plasma membrane regions in the yeast cells (Fig. 3C) , it is more likely to coincide with the pattern of ER localization.
Genome-wide analysis of transcriptional effect in rns1 mutant
GN14 (rns1 ) cells grew normally on glucose medium but showed growth inhibition upon expression of RNase T1 at 30°C and 25°C. To investigate the function of Rns1p, the transcriptional response of rns1 cells growing at semi-permissive temperature was evaluated by DNA microarray analysis. Analysis was carried out using mRNA from GN14 (rns1 ) and wildtype YPH500 cells grown at 25°C. Significant change in the RNS1 -interacting-genes, CIN 5 (0.8-fold) and YLR440c (1.2-fold), was not detected in the rns1 strain. Approximately 200 genes were induced at least two-fold in the rns1 cells compared with the wild-type. We classified the induced ORFs in the rns1 cells into functional families based on information provided by MIPS (Munich information center for protein sequences). Table 2 shows the ORFs categorized as "protein fate" and "cellular transport and transport mechanisms." Of the 16 ORFs, three genes including the UBP5, UBA1, and RPN2 participated in the process of the ubiquitin-dependent protein degradation in the proteasome. It is suggested that the activity of protein degradation system increased in the rns1 cells.
Discussion
We screened for S. cerevisiae mutant strains, which showed hypersensitivity to RNase T1 expression. The isolated 38 strains showed various phenotypes including temperature-sensitive growth, hypersensitivity to G418, defect in invertase glycosylation and abnormal morphology of vacuoles. We isolated three genes mutated in the rns strains and identified the RNS1, RNS2, and RNS3 as DSL1, UMP1, and SEC17, respectively. Logarithmically grown cells of YPH500 carrying pCYLR440HA were disrupted using multi-beads shocker. The lysate (500ϫg supernatant) was treated as indicated and then centrifuged at 13,000 and 100,000ϫg. The resulting pellet (P13 and P100) and supernatant (S100) fractions were resolved on a 10% polyacrylamide gel and immunoblotted with anti-HA antibody. (C) Logarithmically grown cells of YPH500 carrying pCYLR440HA were fixed and processed for immunofluorescence using antibody to HA and detected by Texas Red-conjugated secondary antibody. The cells were also stained with DAPI for detection of the nuclei. Bar: 5 mm.
The RNS1 / DSL1 gene was isolated as the gene that, when mutated, confers a dependence on a dominant mutant form of Sly1p, termed Sly1-20 (VanRheenen et al., 2001) . The conditional dsl1 mutants exhibited a block in ER-to-Golgi traffic at the restrictive temperature . The RNS3 /SEC17 encodes a transport vesicle fusion protein that acts at the priming stage of the SNARE-mediated vesicular fusion from the ER to the Golgi apparatus (Kaiser and Schekman, 1990) . We previously reported that most of the strains with mutation in the process of intracellular protein transport at the ER to Golgi stage showed hypersensitivity to expression of RNase T1 (Nonaka et al., 2000) . Therefore, the isolation of dsl1 and sec17 strains as rns mutants was reasonable.
The hypersensitivity to RNase T1 expression was considered as a sensitive detection method to identify the mutant in the process of protein transport and degradation. We also observed that nine of the rns strains were classified into independent complementation groups. It strongly suggested that our screening of rns mutants was not saturated. Further genetic analysis of other rns mutants may uncover the novel genes involved in the intracellular protein traffic.
We newly identified two genes, CIN5 and YLR440c, by two-hybrid screening using Rns1p as a bait. Cin5p and Ylr440cp showed interaction only with Rns1p without N-terminal region (Fig. 2B) . It indicated that Rns1p interacted with Cin5p and Ylr440cp except for the Nterminal region and suggested that the N-terminal region inhibited the physical interaction with these proteins. Predicted Rns1/Dsl1p was composed of 754 amino acids and contained putative leucine zipper domain at the N-terminal. Rns1/Dsl1p forms a tight complex containing Sec20p and Tip20p and interacts with COPI coatmer proteins . It is possible that the N-terminal domain of Rns1/Dsl1p is capped by other proteins and the capping induces a conformational change to allow the interaction with Cin5p and Ylr440cp. Several proteins were previously reported to interact with Rns1/Dsl1p. By biochemical analysis, Dsl1p can be extracted from membranes in a multiprotein complex (700-800 kDa) containing components of the docking complex in the retrograde Golgi-to-ER traffic, Tip20p and Sec20p . Interaction of Dsl1p with Sly1p, Erv14p (a protein required for the movement of a specific protein from the ER to the Golgi), and Sec21p (the g-subunit of the COPI coat protein complex) was detected by a genetic approach 80 ISHIKAWA et al. Vol. 51 The genes categorized as "Protein fate" and "Cellular transport and transport mechanisms" and expressed more than two-fold in rns1 mutant cells.
Functional categories were assigned based on information provided by MIPS. Bold face indicates genes identified as responsive to ubiquitin-dependent protein degradation process. . Interaction of Dsl1p with Ret2p/d-COPI component of the retrograde COPI coat was also demonstrated by two-hybrid screening . These findings strongly suggested that Dsl1p plays a role in retrograde Golgi-to-ER traffic by formation of complex at the ER membrane. In addition, according to systematic examination of two-hybrid interactions in all possible combinations between the yeast proteins, YNL258c (RNS1 / DSL1 ) would interact with the SAS3, GAT1, TIP20, RSC30, YKR022c, YLR440c, and NBP1 (Ito et al., 2000) .
It was reported that Rns1/Dsl1p was a peripheral membrane protein and cofractionated with ER marker proteins but the localization of Rns1/Dsl1p was unclear (Andag et al., 2001; VanRheenen et al., 2001 ). Recently, global analysis of protein localization using Cterminal GFP tag in budding yeast has revealed the Rns1/Dsl1p localization to ER (Huh et al., 2003) . However, we observed that both of Rns1p-GFP fusion and myc-tagged Rns1p were localized at the nuclear region. Furthermore, RNS1 /DSL1 interacts with several nuclear transcription regulators including CIN5, SAS3, GAT1, and RSC30. It suggests the tendency for nuclear localization of Rns1p. It is possible that Rns1p is mainly localized at the nuclear envelope, which is considered to be a part of the ER. It is also possible that Rns1p plays a role not only in the process of vesicular traffic between ER and Golgi apparatus but also in signal transduction between ER and nuclei.
The predicted sequence of Ylr440cp contained a hydrophobic domain near the C-terminal end; however, results on subcellular fractionation showed that a part of Ylr440cp-HA was in the S100 fraction revealing a comparatively low hydrophobicity of this region. Therefore, it is suggested that the hydrophobic domain of Ylr440cp may not function as a transmembrane domain. Still, we observed that a part of Ylr440cp-HA associated with the membrane. The binding of Ylr440cp to the membrane was stable since Ylr440cp-HA was not released upon treatment with 1 M NaCl. Fluorescent microscopic observation showed that the pattern of Ylr440cp-HA localization coincided with the structure of ER. Considering the above results, it may be inferred that at least a part of Ylr440cp is associated with the ER membrane in yeast cells. Our observations are supported by the recent report of global protein localization analysis using GFP tag (Huh et al., 2003) .
These results suggest the possibility that Ylr440cp interacts with Rns1/Dsl1p complex on the ER membrane, mainly on the nuclear envelope, and plays a role in retrograde Golgi-to-ER traffic. Further investigation will elucidate the function of Rns1/Dsl1p and Ylr440cp in the vesicular traffic mechanism. Our DNA microarray analysis of the rns1 mutant cells revealed that 16 ORFs categorized as "protein fate" and "cellular transport and transport mechanism" were induced at least two-fold in the mutant. We noticed that three genes, UBP5, UBA1, and RPN2, are involved in ubiquitin-dependent protein degradation in the proteasome. The microarray analysis revealed that several 19S proteasome regulatory subunit genes (RPN1, 2, 4, 6, and 11 ) also increased in their expression to more than 1.5-fold in the rns1 strain (data not shown). In the rns1 cells, the efficiency of protein traffic between the ER and Golgi was considered to be lowered; therefore it is possible that the stagnation generates a large amount of unfolded proteins to be degraded by proteasome.
Our previous study suggested that the cytosol-localization of RNase T1 causes toxic effect on the host cells (Nonaka et al., 2000) . We also identified the RNS2 gene as the UMP1 encoding 20S proteasome maturation factor that acts at the ubiquitin-mediated proteolysis in the proteasome (Ramos et al., 1998) . The fact of isolation of the ump1 strain as one of the RNase T1 expression hypersensitive mutants suggested that the ubiquitin-dependent protein degradation system is involved in the defense mechanism for avoiding the toxicity of RNase T1. Further study will be required to elucidate the physiologic function of proteasome in the process of intracellular transport of foreign secretory proteins including RNase T1.
